In this paper, we propose a neural adaptive controller for attitude control in a flapping-wing insect model. The model is nonlinear and subjected to periodic force/torque generated by nominal wing kinematics. Two sets of model parameters are obtained from the fruit fly Drosophila melanogaster and the honey bee Apis mellifera. Attitude control is achieved by modifying the wing kinematics on a stroke-by-stroke basis. The controller is based on filtered-error with neural network models approximating system nonlinearities.
Introduction
By subtly adjusting wing motion kinematics, insects are able to perform elaborate flight maneuvers and achieve fast stabilization of their body posture [1, 2] . It is challenging to study the control mechanisms adopted by insects for several reasons: first, the observation of insect flight behavior provides us with only a closed-loop view of the overall flight dynamics, and open-loop dynamics is hard to identify due to experimental limitations (e.g., [3, 4] ). Second, it is difficult to capture the wing kinematics of insects in free flight, and studies on tethered flight are subject to many limitations [4] . Furthermore, flight control in insect relies heavily on the fast synthesis of different sensory information and occurs at both low-level sensory-motor reflex and high-level central nervous system [5] [6] [7] . Last, the unsteady aerodynamics of flapping flight is hard to model analytically [8] .
With improvements in quasi-steady aerodynamic models and a variety of engineering tools (e.g., [9] ), however, several simplified dynamic models of insect flight have been developed on a stroke-by-stroke basis [10] [11] [12] [13] [14] . Preliminary studies on flight control have, consequently, been carried out based on these models [15] [16] [17] [18] . It has been shown, for example, that a linear optimal controller is sufficient to stabilize the body posture from perturbations [10] . An apparent limitation of this controller, however, is that it is only applicable to a linearized region near the hovering trim condition and cannot be used for tracking or maneuvering purposes. A nonlinear and adaptive controller for insect flight that is applicable to both position regulation and trajectory tracking is therefore of particular interest. The Neural Networks (NNs), with their universal approximation property [19, 20] , are powerful paradigms for such purposes. They have been successfully applied to digital signal processing in openloop applications such as classification and pattern recognition [20] and in closed-loop applications such as the control of robot manipulators [19] .
The goal of this paper is to develop a neural adaptive controller for the nonlinear flapping-flight dynamics based on the quasi-steady aerodynamic model [10, 11, 21] . We focused our work on attitude dynamics because maintaining a desired body posture appears be to the primary goal of flight stabilization. This paper is organized as follows: Section 2 is a brief overview of the insect model used in the current work. Section 3 describes attitude dynamics, wing kinematic parameterization, filtered-error dynamics and the design of neural adaptive controller. Simulation results are summarized in Section 4. Conclusions and discussions on future works are presented in Section 5.
Insect Model
The insect body is modeled as a rigid object with three ellipsoids representing the head, thorax and abdomen, respectively (Fig. 1) . The center of gravity is located below the wing base at distance l 1 . Model parameters are obtained from the wing and body morphologies similar Table 1 for morphological data. Coordinate systems: the body frame (x b , y b and z b ), the inertial frame (x 0 , y 0 and z 0 ) and the stroke-plane frame (x s , y s and z s ). All three frames have the same origin at the center of gravity of the fly. Wing kinematics are specified by three Euler angles -stroke angle (φ ), deviation angle (θ ) and rotation angle (ψ). Angle of attack (α) is defined as the angle between the wing chord and wing velocity. B) A side view: x 0 is the free body angle (desired pitch angle at hover) and θ represents the misalignment between the head and body.
to those of the fruit fly Drosophila melanogaster and the honey bee Apis mellifera ( Table 1) .
A complete model of closed-loop insect flight dynamics includes five subsystems: aerodynamics, body dynamics, sensory systems, flight controller and actuator dynamics (Fig. 2) . A detailed description of a similar system is given in [10, 11] . Here, we briefly summarize the functions of each subsystem. Subsystem aerodynamics takes wing kinematics (stroke angle (φ ) and rotation angle (ψ)) and their derivatives as inputs (elevation angle is not considered in this work) and generates corresponding instantaneous aerodynamic lift and drag forces (in the stoke-plane frame) as outputs. Lift and drag are calculated based on the quasi-steady aerodynamic model [8] [9] [10] . In the force and torque generation process, total wrench [22] in the body frame is obtained through a series of coordinate transformations from the stroke-plane frame to the body frame. By solving Newton-Euler equation for a rigid body [22] , rigid body dynamics then calculates body kinematics -body position, velocity, orientation and angular velocity -based on stroke-averaged wrenches in the body frame. The sensory system, which takes inputs from various sensors (e.g., halters and ocelli), estimates the body kinematics and passes it to the flight controller, which generates appropriate control signals. In the current study, sensory systems and actuator dynamics are identical to those described in [11] . 
